ABSTRACT: A new generation of solid-state photovoltaics is being made possible by the use of organometal-trihalide perovskite materials. While some of these materials are expected to be ferroelectric, almost nothing is known about their ferroelectric properties experimentally. Using piezoforce microscopy (PFM), here we show unambiguously, for the first time, the presence of ferroelectric domains in high-quality β-CH 3 NH 3 PbI 3 perovskite thin films that have been synthesized using a new solution-processing method. The size of the ferroelectric domains is found to be about the size of the grains (∼100 nm). We also present evidence for the reversible switching of the ferroelectric domains by poling with DC biases. This suggests the importance of further PFM investigations into the local ferroelectric behavior of hybrid perovskites, in particular in situ photoeffects. Such investigations could contribute toward the basic understanding of photovoltaic mechanisms in perovskite-based solar cells, which is essential for the further enhancement of the performance of these promising photovoltaics. SECTION: Energy Conversion and Storage; Energy and Charge Transport T he past five years has witnessed a surge of interest in organometallic trihalide perovskites, which are at the heart of the new solid-state excitonic solar cells.
T he past five years has witnessed a surge of interest in organometallic trihalide perovskites, which are at the heart of the new solid-state excitonic solar cells. 1−3 While these perovskites are a family of materials with the general formula (RNH 3 )MeX 3 (R is an organic group, Me is Pb or Sn, and X is a halogen I, Br, or Cl), methylammonium (MA) lead triiodide (CH 3 NH 3 PbI 3 or MAPbI 3 ) in particular has attracted the most attention since it was first applied as light absorber in mesoscopic solar cells. 4, 5 Since then the power conversion efficiency (PCE) of MAPbI 3 -based solar cells have shot up dramatically, which now exceeds 19%. 6 This rapid rise in the performance is the result of the innate desirable properties of MAPbI 3 , including favorable direct band gap, large absorption coefficient, high carrier mobilities, and long carrier-diffusion lengths. 4 While the optical, electrical, electronic, and optoelectronic properties of MAPbI 3 perovskites have been studied in great detail, 7−11 direct evidence of their ferroelectric properties is almost completely lacking.
MAPbI 3 crystallizes in a tetragonal perovskite crystal structure (β-MAPbI 3 ) at room temperature, containing the polarizable organic cation CH 3 NH 3 + in 12-fold cuboctahedral coordination.
12 Perovskite β-MAPbI 3 belongs to the 4mm point group and I4/mcm space group, and thus, it is expected to be ferroelectric. 12, 13 In this context, Stoumpos et al. 12 have measured current (I)−voltage (V) response of bulk singlecrystals of β-MAPbI 3 using the four-probe method, and they observe hysteretic behavior suggesting bulk ferroelectric behavior. However, β-MAPbI 3 thin films used in solar cells are known to comprise nano-and microscale grains/domains of varying crystallinity, 14 and thus, it is important to characterize and understand local ferroelectric domains in β-MAPbI 3 thin films, which could influence the performance of solar cells based on these perovskites in several ways. First, the ferroelectric effect induces polarization of the lattice, which in turn can enhance charge separation and concomitant longer carrier lifetimes. 15 Second, open circuit voltages above the band gap are possible due to the ferroelectric effect. 16 Finally, the commonly observed hysteresis and rate dependence in the photovoltaic response (current density−voltage or J−V) of MAPbI 3 -based solar cells 17, 18 could be, in part, due to the ferroelectric effect.
In this context, we have investigated smooth, dense β-MAPbI 3 thin films using piezoforce microscopy (PFM) 19  an ideal tool for probing local ferroelectric response at the domain scale. PFM is based on atomic force microscopy (AFM), where an AC electric field is applied to a scanning conducting probe in contact with a ferroelectric thin film surface. Since all ferroelectric materials are also piezoelectric, 13 the region in contact with the tip mechanically vibrates, which is simultaneously detected by the AFM during scanning. The phase difference between the piezoactuation and the applied AC field is then used to detect ferroelectric domain orientations, while the amplitude reveals domain wall positions. Superimposing a DC voltage on the domain-mapping AC signal can be used to switch the domains in situ during scanning. 20 Similarly, as employed here, poling can be achieved during scans applying continuous DC-biases (or pulse patterns), which are then alternated with zero DC-bias PFM domain mapping scans. 19, 20 In this manner, we have directly imaged domains and domains walls in β-MAPbI 3 thin films directly using PFM, and an attempt to switch the ferroelectric domains reversibly using scanning DC biases has been successful. Figure 1A is a schematic diagram showing a new solutionprocessing methodsuccessive spin-coating/annealing (SSCA)used in this study to prepare β-MAPbI 3 thin films. This method, which is a variation of the conventional two-step process used to synthesize β-MAPbI 3 thin films for planar solar cells, 21 uses multiple iterations of rapid spin-coating of MAI on the PbI 2 layer and annealing steps. (See Supporting Information for all the experimental procedures involving synthesis, characterization, and PFM.) Figure 1B is an indexed X-ray diffraction (XRD) pattern of the resulting thin films (∼100 nm thickness) showing phasepure tetragonal β-MAPbI 3 perovskite. Figure 1C is a scanning electron micrograph (SEM) showing the dense, coarse-grained nature of the polycrystalline β-MAPbI 3 thin film. The grain size is estimated at ∼100 nm, suggesting that most grains span the thickness of the thin film. The smooth surface topography in the β-MAPbI 3 thin film is clearly evident from the AFM image (noncontact mode) in Figure 1D , and analysis of local surface topography data reveals a RMS roughness of ∼12 nm. Furthermore, the β-MAPbI 3 thin film surface looks mirrorlike and "shiny" to the naked eye over a large area ( Figure 1E ).
The desirable attributes in these β-MAPbI 3 perovskite thin filmsphase-pure, high crystallinity, dense, coarse-grained, smoothare due to the new SSCA protocol ( Figure 1A ), allowing us to perform careful PFM experiments. In SSCA, successive MAI spin-coating/annealing steps replace the dipping, or the single spin-coating, step in the conventional two-step process. The rapid spin-coating of the MAI solution allows quick drying of an extremely thin, dense film of MAI. The subsequent heat-treatment (150°C) results in the solidstate conversion reaction: PbI 2 + MAI → MAPbI 3 . However, the amount of MAI is not sufficient for the conversion of the full thickness of the PbI 2 thin film, as evinced by the yellow color of the thin film observed after the first cycle (not shown here). Repeating the MAI spin-coating/annealing steps 3−4 times results in the full conversion of the entire PbI 2 thin film into phase-pure β-MAPbI 3 . Thus, promoting solid-state reaction between MAI and PbI 2 step-by-step, while minimizing the presence of liquid solution during each repeat cycle, is key to obtaining high quality β-MAPbI 3 thin films reported here. In contrast, the conventional MAI solution single dipping, or spincoating, process for the fabrication of planar solar cells allows the conversion reaction to occur in the presence of the solution over a relatively long period of time, forming relatively rough thin films with interconnected β-MAPbI 3 particles and voids. 21, 22 Figure 2A is a 1 × 1 μm 2 AFM image (contact mode) showing the representative topography for the β-MAPbI 3 thin film. Bright contrast indicates protrusions and depressions in the range ±20 nm, respectively, revealing grain sizes on the order of 100−200 nm, which is consistent with the SEM observations ( Figure 1C ). Figure 2B ,C are simultaneously acquired PFM amplitude-and phase-contrast images, respectively. Ferroelectric domains in the β-MAPbI 3 thin films are clearly indicated by the complete 180°phase-contrast observed throughout Figure 2C (+90°to −90°) . These out-of-phase and in-phase signals represent regions with piezoresponse vector components oriented into and out of the surface, respectively. Null contrast in the amplitude image ( Figure 2B ) identifies the intermediate domain wall locations.
PFM contrast can be susceptible to topographic artifacts, as with any AFM-based measurement technique. If similar contrast occurs only for specific slopes or curvatures, this usually indicates tip−sample convolution artifacts. Accordingly, the piezoresponse has been overlaid on a three-dimensional map of the topography ( Figure 2D,E) , where the color contrast displays the amplitude and phase of the piezoactuation vector with the same color scales as in Figure 2B ,C, respectively. The piezoresponse (especially the phase) is clearly independent of 2C ) appears to be ∼100 nm, which is about the average size of the grains ( Figure 1C ). The conductive probes (contact mode) used in PFM are not as sharp compared to those used in conventional AFM, somewhat limiting spatial resolution of a given surface morphology, though sub-10 nm contact areas are expected for flat regions based on the imaging conditions. With this in mind, individual domains appear to correspond with individual grains in the β-MAPbI 3 thin films. Figure 3 presents results from an experiment aimed at poling the ferroelectric domains in a β-MAPbI 3 thin film. The top row in Figure 3 presents height images (topography) of a single 2.5 × 2.5 μm 2 area, repeatedly scanned with AFM. Underneath each topography image is a simultaneously acquired corresponding PFM piezoresponse map, each obtained after a prior scan that poled the same area with pure DC bias (as labeled). To present the ferroelectric domains most clearly, A·sin(φ) is displayed, where A is the amplitude and φ is the phase, in which case domains oriented into or out of the surface exhibit opposite amplitudes of piezoactuation (i.e., out of phase for the typical ±90°shift). The PFM images in Figure 3 , which are positioned according to the prior poling DC bias in order to visually depict the poling sequence, are acquired without any applied DC bias to minimize capacitive artifacts. 23 Throughout this experiment of more than eight consecutive scans, there is little evidence of specimen damage according to the nearly identical topography images (top row). This is despite the relatively soft nature of the β-MAPbI 3 thin films, which can be prone to deformation under the probe tip, especially in contact-mode imaging as required by PFM. The piezoresponse, on the other hand, is absolutely influenced by the poling DC bias magnitude and polarity. Compared to the initial image that followed DC poling with −4 V, several domains switch upon application of +4 V to the entire area. More domains then switch following the application of a larger DC bias of +8 V. After applying −8 V DC bias, many of these domains switch back to their original orientation. This is highlighted more clearly in the table-of-contents figure, which presents the difference in PFM phase contrast between these two extreme conditions (+8 V → −8 V). Of course, this applied DC bias is much larger than that used in the operation of perovskite-based solar cells, although the actual field applied across the film may be lower by a factor of two or more due to the tip−sample junction, as is common in PFM measurements.
As has been recently reported in other materials, 24 PFM-like contrast can sometimes occur due to electrochemical phenomena. This might be caused by, or lead to, modification of the specimen surface, local changes in the dielectric constant, ionic motion, etc. However, these mechanisms are typically accompanied by a significant change in topography, and/or relaxation of the topographic and/or PFM signals on the order of hundreds of seconds. Here, the topography remains unchanged throughout Figure 3 (top row) . Furthermore, the time between DC poling and PFM imaging of any given region ranges from 2 to 1024 s from top to bottom of each consecutive scan, respectively. This is because full image acquisition times are on the order of 8 min, and sequential images are scanned in opposite y direction. Therefore, the evidence in Figure 3 supports the presence of ferroelectric domains in β-MAPbI 3 thin films. Furthermore, the ability to manipulate the domain orientation could possibly be used to influence photovoltaic performance in future work.
This experimental demonstration of the presence of ferroelectric domains in β-MAPbI 3 thin films and their reversible switching has several implications, some of which are discussed below. Based on some theoretical work, Frost et al. 15, 18 hypothesize that polarized ferroelectric domains within the β-MAPbI 3 film may act as small internal p−n junctions, aiding the separation of photoexcited electron and hole pairs. They suggest that the segregated paths ("ferroelectric highways") for electrons and holes provided by a distribution of these internal p−n junctions would reduce recombination as the charge carriers travel across the thin film. 18 They also postulate that these effects could be responsible for the observed hysteresis and degradation of the photovoltaic performance in β-MAPbI 3 -based solar cells. 18 Note that these hypotheses are based on the existence of extremely small domains (several unit cells wide). 18 However, the ferroelectric domains in β-MAPbI 3 thin films we observe in this first report are relatively large (∼100 nm). Further work is needed to see if finer subgrain domains can be resolved in these hybrid perovskite thin films and if the hypothesized local p−n junctions exist.
Juaŕez-Peŕez et al. 10 have demonstrated experimentally giant dielectric constant (GDC) effect in β-MAPbI 3 thin films, where an already high dielectric constant (low-frequency) of 1000 increases by a factor of 1000 under 1 sun illumination. The presence and switching of the ferroelectric domains could play an important role in unraveling the mechanisms responsible for the observed GDC effect in these thin films.
Finally, Kim et al. 25 have performed a theoretical investigation of Rashba band splitting in β-MAPbI 3 , where they show that polarization can be switched by external electric fields. This enables a controllable Rashba effect, providing the possibility of exploiting both spin and orbital freedom degrees in photoinduced effects in β-MAPbI 3 . 25 Thus, the reversible switching of ferroelectric domains in β-MAPbI 3 thin films demonstrated here could also have implications in this regard.
In summary, ferroelectric domains are observed directly for the first time in solution-processed, high-quality β-MAPbI 3 thin films using piezoforce microscopy. The domains are approximately equal in size to the grains (∼100 nm). Reversible ferroelectric domain switching has also been achieved by poling with DC biases. These experimental results encourage further investigations into the local ferroelectric behavior of hybrid perovskites, in particular through in situ characterization of photoeffects, as well as exploring domain engineering. Such investigations could yield new insights into the fundamental photovoltaic mechanisms for perovskite-based solar cells, potentially suggesting routes to enhance the performance of this promising class of novel photovoltaics. 
